Human cytomegalovirus (HCMV) forms two different membrane protein complexes, gH/gL/gO and gH/gL/UL128/UL130/UL131, that function in different cell types. gH/gL/gO appears to be important for HCMV entry into or spread between fibroblasts, processes that occur at neutral pH. We demonstrated that HCMV entry into epithelial and endothelial cells requires gH/gL/UL128 -131 and involves endocytosis and low pH. A complex of all five HCMV proteins, gH, gL, UL128, UL130, and UL131, is the functionally important mediator of this entry pathway into epithelial/endothelial cells. Here, we report that expression of gH/gL/UL128 -131 in ARPE-19 epithelial cells causes the cells to be resistant to HCMV infection. Another HCMV glycoprotein, gB, did not interfere, and expression of all five gH/gL/UL128 -131 proteins was required for this interference. gH/gL/UL128 -131 interference was at the stage of virus entry into cells rather than the initial adsorption onto cell surfaces or after-entry defects. By contrast, expression of gH/gL/ UL128 -131 in primary human fibroblasts did not block HCMV infection. Previously, interference by retrovirus and herpes-simplex-virus entry mediators resulted from sequestration or obstruction of receptors. We concluded that epithelial cells express gH/ gL/UL128 -131 receptors that mediate HCMV entry. Fibroblasts either lack the gH/gL/UL128 -131 receptors, the receptors are more numerous, or fibroblasts express other functional receptors.
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HCMV glycoproteins ͉ receptor interference T he ␤-herpesvirus human cytomegalovirus (HCMV) causes substantial morbidity and mortality in immunologically naive children, immunosuppressed transplant patients, and immunodeficient AIDS patients. Congenital HCMV infection is common and can lead to serious developmental defects involving the CNS and often leads to deafness (1, 2) . In immunosuppressed transplant patients, HCMV infection can result in pneumonia, gastrointestinal disease, hepatitis, retinitis, and encephalitis. Moreover, acute or chronic HCMV infection and the associated inflammation in blood vessels can increase rejection of transplanted tissues (3) . The wide spectrum of HCMV diseases is because of, in part, a capacity to replicate in many different cell types, including epithelial and endothelial cells, microglial cells, neurons, monocyte-macrophages, and fibroblasts. Epithelial cells represent portals of HCMV entry into and exit from the body and are major targets of virus infection in the gut and in the retina (1, 4, 5) . HCMV replication in vascular endothelial cells produces virus particles that spread directly to monocytemacrophages and lymphocytes, which disseminate the virus throughout the body (6, 7) . Fibroblasts are also extensively infected in vivo and are the principle cell type used to propagate HCMV in vitro (5) .
HCMV entry into cells is poorly understood. As with other herpesviruses, HCMV adsorbs onto heparan sulfate glycosaminoglycans (GAGs), a process that increases cell-surface concentrations of virus (8) . Integrins and epidermal growth factor receptors (EGFRs) have been described as HCMV receptors. HCMV infection of human embryonic lung (HEL) fibroblasts and breast cancer cells correlated with EGFR expression and entry into HEL cells was blocked with EGFR antibodies (9) . However, it has also been argued that EGFRs are not important for HCMV entry (10) . Integrins, especially those including ␣ 2 , ␣ 6 , ␣ v , ␤ 1 , and ␤ 3 polypeptides, enhance HCMV entry into human fibroblasts (11) . HCMV infection of human fibroblasts was reduced by integrin-specific antibodies. Additionally, a mouse fibroblast cell line lacking ␤ 1 integrin was resistant to HCMV and murine CMV (MCMV), and transient expression of ␤ 1 rendered these cells more susceptible to HCMV and MCMV. HCMV glycoprotein gB contains a disintegrin-like domain, and peptides encompassing this domain blocked HCMV entry, consistent with the notion that gB binds integrins (11) . By contrast, other work suggested that gB binds EGFRs and gH binds integrins, as coreceptors for fibroblast entry (12) .
The studies supporting a role for EGFRs and integrins in HCMV entry involved a HCMV laboratory strain, AD169, that does not infect epithelial and endothelial cells. Laboratory strains of HCMV, including AD169, harbor genetic mutations, deletions, and rearrangements in the UL128-150 genes (13) . A subset of these genes, UL128, UL130, and UL131, are specifically required for infection of epithelial and endothelial cells (13) (14) (15) . The UL128-131 genes encode three small proteins with signal sequences that bind the HCMV glycoprotein gH/gL (16) (17) (18) , forming complexes distinct from gH/gL complexes that contain another HCMV glycoprotein, gO (17) (18) (19) . We showed that the gH/gL/UL128-131 complex functions to mediate entry into epithelial and endothelial cells through a process that involves endocytosis and low pH-dependent fusion (16, 20) . Omission of any one of the five members of the gH/gL/UL128-131 complex reduces assembly and endoplasmic reticulum (ER) export as well as entry into epithelial/endothelial cells. By contrast, entry into fibroblasts occurs by direct fusion with the plasma membrane and does not require gH/gL/UL128-131 (20, 21) . UL128-, UL130-, and UL131-specific antibodies block infection of epithelial and endothelial cells but do not block infection of fibroblasts (17, 18) . Moreover, antibodies specific to gH block infection of fibroblasts (1), consistent with the existence of other gH/gL complexes that facilitate entry into fibroblasts. Together, these data suggest that gH/gL/UL128-131-mediated entry into epithelial/endothelial cells via endocytosis and low pH involves cellular machinery that is different from that used when HCMV enters fibroblasts at neutral pH. Moreover, EGFRs and integrins cannot explain gH/gL/UL128-131-mediated entry into epithelial/ endothelial cells. Lab strain AD169, which binds these receptors, does not express gH/gL/UL128-131. Additionally, integrins and EGFRs are broadly expressed on both fibroblasts and epithelial/ endothelial cells (22, 23) .
Important insights into how HCMV enters cells can be obtained from the more extensively studied ␣-herpesvirus, herpes simplex virus (HSV) (reviewed in ref. 24 ). The HSV receptor-binding glycoprotein, gD, interacts with gD receptors and triggers the formation of larger complexes composed of gB, gD, and gH/gL (25, 26) . gB and gH/gL apparently make up the HSV membrane fusion machinery, so that, once triggered by gD binding to its receptors, gH/gL can cause hemi-fusion of virion and cellular membranes, although gB is necessary to promote full fusion (27) . Some of the first and most compelling evidence that HSV gD acts as a receptor-binding protein came from observations that gD-transfected cells were resistant to infection with HSV (28, 29) . This process, termed interference, apparently involves sequestration, surface down-regulation, or masking of gD receptors that are essential for HSV entry (30) . These results were similar to earlier observations of receptor interference where retrovirus-infected cells were resistant to infection by related retroviruses that used the same entry receptors (31) . Therefore, interference provides strong evidence for cellular receptors or entry mediators that are bound by specific viral proteins.
To further characterize HCMV entry into epithelial cells, we expressed gH/gL/UL128-131 in epithelial cells and fibroblasts by using adenovirus (Ad) vectors. HCMV entry into epithelial cells expressing gH/gL/UL128-131 was inhibited by Ͼ90% compared with control cells. Interference required all five gH/gL/UL128-131 proteins, and there was no interference because of expression of HCMV gB. Notably, gH/gL/UL128-131 did not interfere with HCMV infection of fibroblasts. These results provide strong evidence for the existence of gH/gL/UL128-131 receptors on the surfaces of epithelial cells that mediate HCMV entry.
Results

Expression of the HCMV gH/gL/UL128 -131 Complex Renders Epithelial
Cells Resistant to HCMV Infection. The HCMV proteins UL128, UL130, and UL131 form a complex with gH/gL that facilitates entry into epithelial and endothelial cells, but is dispensable for entry into fibroblasts (14) (15) (16) (17) (18) 20) . To test whether gH/gL/ UL128-131 might interfere with HCMV entry, we expressed the gH, gL, UL128, UL130, and UL131 proteins in human ARPE-19 retinal pigment epithelial cells by using nonreplicating Ad vectors described in ref. 16 . Cells expressing gH/gL/UL128-131 or GFP from a control Ad vector (AdGFP) for 12 h were infected with HCMV TR, a wild-type clinical strain, and then analyzed by immunofluorescence for HCMV immediate-early protein 86 (IE86) after an additional 48 h. Thirty to forty percent of the cells treated with AdGFP were infected with HCMV TR as judged by immediate-early (IE) expression (Fig. 1B) . By contrast, only 2% of the epithelial cells expressing gH/gL/UL128-131 could be infected with HCMV (Fig. 1C) . Expression of gH/gL/UL128-131 did not affect the susceptibility of these cells to HSV infection, indicating that the observed interference was specific to HCMV and was not because of reduced cell viability ( Fig. 1  E and F) .
It was of interest whether subcomponents of the gH/gL/ UL128-131 complex, e.g., gH/gL, might also interfere with HCMV infection. Expression of the complete gH/gL/UL128-131 complex in ARPE-19 epithelial cells reduced the number of HCMV-infected cells by 96% compared with expression of GFP ( Fig. 2A , columns 1 and 4). By contrast, expression of gH/gL alone had little effect on HCMV infection ( Fig. 2 A, column 2) . Expression of UL128/UL130/UL131 or gH/gL/UL128/UL130 reduced HCMV infection by Ϸ40% (Fig. 2 A, columns 3 and 5). Increasing the expression of UL128/UL130/UL131 or gH/gL/ UL128/UL130 by using higher doses of the Ad vectors did not significantly increase interference (data not shown). Therefore, only expression of the complete gH/gL/UL128-131 complex results in substantial interference. These results correlate with our previous observations that complexes lacking any one of the five proteins were retained in the ER (16) and are thus likely not incorporated into the virion envelope.
The gB homologues of HCMV and other herpesviruses contribute to virion attachment onto cells through interactions with heparan sulfate GAGs and may interact with more specific, saturable receptors (32, 33) . However, in contrast to gH/gL/ UL128-131, gB expression in ARPE-19 cells did not interfere with HCMV infection (Fig. 2 A, column 6) , and increased doses of AdgB did not result in interference (data not shown).
Expression of gH/gL/UL128 -131 Complexes in Fibroblasts Does Not
Interfere with HCMV Infection. Given that UL128-131 proteins are dispensable for entry into fibroblasts, we tested whether gH/gL/ UL128 -131 expression in fibroblasts might interfere with HCMV infection. Virtually all of the cells in monolayers of human foreskin fibroblasts transduced with AdGFP were infected with HCMV (Fig. 1H) , and this was also the case with fibroblasts expressing gH/gL/UL128-131 (Figs. 1I and 2B, column 4). Moreover, there was no interference with gH/gL, UL128-131, or gH/gL/UL128/130 (Fig. 2B, columns 2, 3 , 5, and 6). Again, gB did not interfere with HCMV infection of fibroblasts (Fig. 2B, column 6 ).
The level of HCMV proteins expressed by these Ad vectors can vary between cell types and could explain the lack of interference in fibroblasts. Therefore, we compared the expres- sion of gB, gH, gL, UL128, UL130, and UL131 in fibroblasts and epithelial cells. When fibroblasts were transduced with 10 plaque forming units (PFU) per cell (as assessed on 293 cells), expression was generally lower compared with similarly transduced ARPE-19 epithelial cells (Fig. 3) . However, when fibroblasts were transduced with 90 PFU per cell of each Ad vector, expression of HCMV proteins was generally equal to or greater than expression in epithelial cells infected with 10 PFU per cell.
When interference experiments were repeated with the higher Ad vector doses in fibroblasts, there was no interference with gH/gL/UL 128-131, but some interference (40%) with gH/gL alone (Fig. 2C) . From these data, we concluded that neither gB, nor gH/gL/UL128-131 interferes with HCMV infection of fibroblasts, and this is unlikely to relate to lower levels of expression.
Because gH/gLUL128-131 also facilitates entry into endothelial cells as well as epithelial cells, similar experiments were conducted with human umbilical vessel endothelial cells and several other endothelial cell lines. Unfortunately, with all of these endothelial cell lines, we observed extensive cell rounding and detachment related to the combination of Ad vector infection and subsequent HCMV infection, which precluded analysis of interference (data not shown).
Expression of gH/gL/UL128 -131 in Epithelial Cells Blocks HCMV Entry
but Not Adsorption onto Cell Surfaces. HCMV mutants lacking UL128-131 genes are able to adsorb onto the surfaces of epithelial and endothelial cells, but these particles do not enter cells (16, 20) . To determine whether gH/gL/UL128-131 expression reduced the adsorption or initial binding of HCMV onto ARPE-19 epithelial cells, radiolabeled HCMV TR particles were incubated with cells for 1 h at 4°C. The amount of radioactivity that remained associated with the cells after several washes was determined as described (20) . Adsorption of HCMV onto cells expressing gH/gL/UL128-131 was not different from that observed with cells expressing GFP (Fig. 4) .
To determine whether gH/gL/UL128-131 expression blocked entry of HCMV into epithelial cells, cells were treated with polyethylene glycol (PEG), which can overcome defects in entry by causing fusion between closely apposed viral and cellular membranes. We showed that PEG treatment facilitated entry of HCMV UL128-131 mutants into epithelial and endothelial cells (16, 20) . Here, ARPE-19 cells expressing gH/gL/UL128-131 or GFP were inoculated with HCMV TR at 4°C (to prevent endocytosis) and then exposed briefly to 44% PEG or PBS. In the absence of PEG treatment, Ͻ3% of the gH/gL/UL128-131-expressing cells became infected with HCMV. However, when gH/gL/UL128-131-expressing cells were treated with PEG, the number of HCMV IE-expressing cells was increased by 8-fold (Fig. 5) . Note that IE expression was lower (24%) when HCMV was incubated with cells at 4°C compared with conditions in which HCMV is incubated with cells at 37°C (40%). Together, these data demonstrate that gH/gL/UL128-131 expression in ARPE-19 blocks HCMV entry without altering the adsorption onto cell surfaces.
Discussion
The use of alternative entry mediators or receptors is emerging as a common theme among herpesviruses. Herpesvirus receptors are frequently cell-type specific and can also influence the mechanism of entry, whether by fusion at the cell surface or fusion with endosomal membranes (34) (35) (36) . A well characterized example is that of Epstein-Barr virus (EBV) (reviewed in ref. 37 ). The EBV gH/gL complex can be modified by the addition of gp42. The gH/gL/gp42 complex binds to MHC class II molecules on the surface of B cells and facilitates entry through endocytosis, whereas unmodified gH/gL binds to an unidentified molecule on epithelial cells and facilitates fusion at the cell surface.
A recent important advance was made in attempts to understand HCMV entry with observations of two different gH/gL complexes: gH/gL/gO and gH/gL/UL128 -131 (18) . gH/gL/ UL128-131 is required for entry into epithelial and endothelial cells, but not for fibroblast entry (14) (15) (16) (17) (18) 20) . Here, we report that expression of gH/gL/UL128-131 in retinal epithelial cells interferes with HCMV infection. Minimal interference was observed when just gH/gL or UL128-131 were expressed, compared with expression of the full complex. These data provide further evidence that gH/gL/UL128-131 functions as a complex requiring all five proteins (16) . Experiments involving radiolabeled virus particles and PEG treatment demonstrated that interference did not block virus adsorption onto cells but instead inhibited subsequent stages of HCMV entry into cells. Thus, gH/gL/UL128-131-mediated interference appears to be similar to the interference mediated by the HSV receptor-binding protein gD (28) (29) (30) and retrovirus interference involving common receptors (31) . Our observations support the hypothesis that gH/gL/UL128-131 promotes entry into epithelial cells by binding receptors or entry mediators, molecules that can be masked, sequestered, or down-regulated by gH/gL/UL128-131 expression.
By contrast, expression of gH/gL/UL128-131 and gH/gL in primary fibroblasts did not interfere with HCMV entry, despite levels of expression similar to that in epithelial cells. These results suggest that fibroblasts do not express gH/gL/UL128-131 receptors or, perhaps, express other receptors in addition to gH/gL/UL128-131 receptors. Alternatively, it is possible that fibroblasts express significantly higher levels of gH/gL/UL128-131 receptors, so that saturation was not achieved, even at the relatively high doses of gH/gL/UL128-131 expressed by the Ad vectors. However, given that UL128-131 is not required for entry into fibroblasts, we favor the hypothesis that HCMV entry into fibroblasts involves viral receptor-binding proteins other than gH/gL/UL128-131 as well as distinct cellular receptors.
It is noteworthy that gH and gL are essential for replication in fibroblasts (38) and yet Ad vector expression of gH/gL, without UL128-131, did not substantially interfere with HCMV infection of fibroblasts. It is possible that HCMV entry into fibroblasts involves gH/gL/gO or other gH/gL complexes (decorated with other viral proteins) and fibroblast ligands specific to these gH/gL complexes. Unfortunately, we have been unable to study interference with gH/gL/gO to date, because we have been unable to construct Ad vectors expressing substantial quantities of gO. However, inactivating mutations in the UL128-131 genes can occur in as few as five passages on fibroblasts (39), and we have noted that HCMV TR mutants lacking UL128-150 or UL131 replicate more efficiently in fibroblasts than the wild type (M. Chase, unpublished results). Therefore, it is conceivable that the UL128-131 proteins compete for the assembly of gH/gL/gO or other fibroblast-specific gH/gL complexes. The loss of UL128-131 might increase the amounts of gH/gL/gO or other gH/gL complexes in the virion envelope and promote infection and spread in human fibroblasts.
It is clear that HCMV gO mutants are defective for replication and/or virus spread in fibroblasts; plaques are much smaller compared with wild type HCMV (38, 40) . However, it is not clear whether gH/gL/gO complexes promote virus entry into fibro- blasts. Recently, Jiang et al. (41) constructed a gO-null HCMV and characterized growth on fibroblasts and endothelial cells. In fibroblasts, the gO mutant exhibited defects in both envelopment and cell-to-cell spread. The defects in cell-to-cell spread were less pronounced in endothelial cells. It is possible that gH/gL/gO functions both in assembly and in fibroblast-to-fibroblast spread, by analogy with HSV gD and gE/gI that promote both secondary envelopment and cell-to-cell spread (42) . HCMV gB has been described as a receptor-binding protein for integrins (11) and for EGFR (9) with fibroblasts. In our experiments, expression of gB in either fibroblasts or epithelial cells did not cause interference. These results suggest that HCMV gB cannot bind to saturable entry mediators or cannot down-regulate these in either cell type, although other explanations are possible.
It is important to consider gH/gL/UL128-131-mediated interference in terms of how a virus enters epithelial cells. HCMV enters fibroblasts by fusion with the plasma membrane at neutral pH, but enters epithelial/endothelial cells by endocytosis followed by low pH-dependent fusion (20, 21) . Thus, gH/gL/ UL128-131 receptors might be concentrated in coated pits on epithelial cell surfaces or other structures taken up by endocytosis, whereas fibroblast receptors might be more evenly distributed on the cell surface. The derivation of HCMV may also influence receptor usage and routes of infection. Wang and Shenk (43) reported that HCMV produced by epithelial cells more extensively infected epithelial cells in the presence of lysosomotropic agents compared with HCMV derived from fibroblasts. However, anti-UL130 antibodies blocked epithelialderived and fibroblast-derived HCMV, suggesting that gH/gL/ UL128-131 was essential in both cases.
In summary, gH/gL/UL128 -131 expression in epithelial cells effectively blocked HCMV entry, but this interference was not observed with fibroblasts. These observations provide strong evidence that gH/gL/UL128 -131 receptors are important for entry into epithelial cells. Entry into fibroblasts apparently involves other receptor-binding proteins and receptors. Moreover, these epithelial gH/gL/UL128 -131 receptors appear to be distinct from described HCMV receptors, EGFRs, and integrins, which are apparently bound by the gB of strains that lack gH/gL/UL128 -131 (9, 11) . The identification of these putative receptors will be required for further development of this model.
Materials and Methods
Cells. Neonatal human dermal fibroblasts (nHDF) from Cascade Biologics were grown in Dulbecco's modified Eagle's medium (DMEM) (Invitrogen) supplemented with 12% FBS (HyClone). Retinal pigment epithelial cells (ARPE- 19) were obtained from American Type Culture Collection and grown in a 1:1 mix of DMEM and Ham's F-12 medium (Invitrogen) supplemented with 10% FBS.
Human Cytomegaloviruses. HCMV TR is a wild-type, clinical strain that was derived from the retina and was cloned into a bacterial artificial chromosome after limited passage on fibroblasts (44) . Stocks were prepared by infecting nHDF cells by using 0.1 PFU per cell for 10 -16 days. To enrich for HCMV particles, infected cells were sonicated, and large cellular debris was removed by centrifugation at 6000 ϫ g for 15 min. Virus particles were then concentrated by centrifugation through a 20% sorbitol cushion at 50,000 ϫ g for 1 h. Pellets were resuspended in DMEM plus 10% FBS and stored at Ϫ70°C. HCMV stocks were titered by plaque assay on nHDF cells. Inoculation of ARPE-19 cells was performed under centrifugal enhancement (20) , and, where indicated, cells were treated with 44% PEG for 30 sec to promote entry.
Ad Vectors. Nonreplicating (E1-) Ad vectors expressing HCMV gH, gL, UL128, UL130, or UL131 have been described (16) . An Ad vector expressing HCMV TR strain gB was produced by the same methods. All Ad vectors expressed HCMV proteins from a promoter that was transactivated by a transcription factor supplied by coinfection with an Ad vector, Adtet-trans (16, 45) .
Immunofluorescence. HCMV-or HSV-infected cells were fixed with 2% formaldehyde, permeabilized by using PBS containing 0.5% Triton X-100 and 0.5% sodium deoxycholate, and then stained with rabbit polyclonal anti-HCMV IE86 antibody (R683) (20) or rabbit polyclonal anti-HSV VP5 antibody NC-1 (46), respectively, followed by Alexa Fluor 594-conjugated anti-rabbit antibodies. The relative numbers of infected cells were quantified by counting IE86ϩ or VP5ϩ cells versus nuclei stained with 0.4 M 4Ј,6Ј-diamidino-2-phenylindole dihydrochloride (DAPI) as described (20) .
Immunoprecipitation. Ad-vector-transduced cells were dissociated from culture vessels and incubated in suspension with medium lacking methionine and cysteine for 1 h. Cells were then pelleted and resuspended in medium containing 500 Ci/ml [ 35 S]-methionine/cysteine (Amersham). Cell extracts were made with Nonidet P-40 lysis buffer (0.5% Nonidet P-40 in Tris buffered saline supplemented with 1 mg/ml BSA and 1 mM phenylmethylsulfonyl fluoride), and clarified by sequential centrifugation at 1500 ϫ g for 10 min and 100,000 ϫ g for 30 min. Extracts were then precleared by incubation with mouse sera and protein A-agarose beads for 1-2 h. Immunoprecipitation involved the addition of ascites fluid or hybridoma supernatant for 2 h, followed by incubation with protein A-agarose for an additional 2 h. Quantification of precipitated protein was performed by phosphorimager analysis using a Thyphoon 9400 variable mode imager (GE Healthcare).
Purification of Radiolabled Virus Particles and Adsorption Assays.
Radiolabeled HCMV particles were purified from HCMV-infected nHDF incubated with 3 H-thymidine (25 uCi/ml, Amersham) from 1 day until 6 -9 days after infection as described (20) . Radiolabeled virus particles were collected from culture supernatants. Cell debris was removed by sequential centrifugation at 800 ϫ g for 25 min and 8000 ϫ g for 30 min. Radiolabeled virus particles were then concentrated and purified by centrifugation at 50,000 ϫ g for 1 h through a 20% sorbitol cushion. ARPE-19 cells were prechilled on ice, radiolabeled virus particles were applied, and cells were centrifuged at 800 ϫ g for 2 h at 4°C. Unbound virus was removed by three washes with cold PBS. Then the cells were then scraped from wells, and radioactivity was quantified by liquid scintillation.
